We demonstrate the first non-magnetic CMOS-compatible optical isolator on a silicon chip. The isolator is based on indirect interband photonic transition, created by electrically-driven dynamic refractive index modulation on a two-mode waveguide. We observe a strong contrast (up to 3dB) in the transmission coefficient along the forward and backward directions. Optical isolators are essential components in optical networks and are used to eliminate parasite reflections that are detrimental to the stability of the optical systems. The challenge in realizing optical isolators lies in the fact that in standard optoelelectronic materials, including most semiconductors and metals, Maxwell's equations are constraint by reciprocity or time-reversal symmetry. In order to break this symmetry, traditional optical isolators rely upon magneto-optical effects [1] [2] [3] [4] [5] [6] , which require materials that are difficult to integrate in current micro-electronic systems. Nonlinear structures for optical isolation have been explored [7] [8] [9] [10] . However, these typically provide optical isolation only within a particular range of operating power. Indirect interband photonic transitions can enable optical isolation: they fundamentally break the time-reversal symmetry and the reciprocity relation that connects the forward and backward propagating light, and interband transitions provide a spectrally-pure output that is free from modulation side bands. Both of these aspects are essential for successful operation of an optical isolator [11] . Here we demonstrate indirect interband photonic transitions by tailoring the dispersion of a silicon photonic structure to match the frequency and wavevector of a specifically designed traveling electrical wave modulation. The structure used is a slotted waveguide shown in Fig. 1 that is engineered to have two optical modes (even and odd). The dispersion of the structure is tailored so that for a separation in frequency of a few GHz and the wavelength of modulation is easy to implement artificially (about hundreds of microns) with no phase matching in the forward direction (|k even -k odd | LeftRight ≠|k|) and phase matched in the backward direction (|k even -k odd | RightLeft =|k|). The isolator based on such indirect transition is achieved by using 1x2 MMI (Multi-Mode Interference waveguide) on both ends of the slotted waveguide (SEM caption in Fig. 2 ). The MMI serves to couple light to and from a single mode waveguide (with an even mode) to the even mode of the slotted waveguide, and to filter the converted odd mode propagating in the slotted waveguide in the backward direction. In the forward direction the photonic transition is not allowed and thus the even mode of the single-mode input waveguide couples back to the output waveguide through the MMI at the end of isolator. In contrast, in the backward direction (right to left), the transition is allowed and therefore the even mode is completely converted to the odd mode, which is filtered by the MMI and cannot couple to the output single-mode waveguide. As a result, the odd mode is dissipated as radiation. 
Optical isolators are essential components in optical networks and are used to eliminate parasite reflections that are detrimental to the stability of the optical systems. The challenge in realizing optical isolators lies in the fact that in standard optoelelectronic materials, including most semiconductors and metals, Maxwell's equations are constraint by reciprocity or time-reversal symmetry. In order to break this symmetry, traditional optical isolators rely upon magneto-optical effects [1] [2] [3] [4] [5] [6] , which require materials that are difficult to integrate in current micro-electronic systems. Nonlinear structures for optical isolation have been explored [7] [8] [9] [10] . However, these typically provide optical isolation only within a particular range of operating power. Indirect interband photonic transitions can enable optical isolation: they fundamentally break the time-reversal symmetry and the reciprocity relation that connects the forward and backward propagating light, and interband transitions provide a spectrally-pure output that is free from modulation side bands. Both of these aspects are essential for successful operation of an optical isolator [11] . Here we demonstrate indirect interband photonic transitions by tailoring the dispersion of a silicon photonic structure to match the frequency and wavevector of a specifically designed traveling electrical wave modulation. The structure used is a slotted waveguide shown in Fig. 1 that is engineered to have two optical modes (even and odd). The dispersion of the structure is tailored so that for a separation in frequency of a few GHz and the wavelength of modulation is easy to implement artificially (about hundreds of microns) with no phase matching in the forward direction (|k even -k odd | LeftRight ≠|k|) and phase matched in the backward direction (|k even -k odd | RightLeft =|k|). The isolator based on such indirect transition is achieved by using 1x2 MMI (Multi-Mode Interference waveguide) on both ends of the slotted waveguide (SEM caption in Fig. 2 ). The MMI serves to couple light to and from a single mode waveguide (with an even mode) to the even mode of the slotted waveguide, and to filter the converted odd mode propagating in the slotted waveguide in the backward direction. In the forward direction the photonic transition is not allowed and thus the even mode of the single-mode input waveguide couples back to the output waveguide through the MMI at the end of isolator. In contrast, in the backward direction (right to left), the transition is allowed and therefore the even mode is completely converted to the odd mode, which is filtered by the MMI and cannot couple to the output single-mode waveguide. As a result, the odd mode is dissipated as radiation. The electrical traveling wave modulation that induces the indirect photonic transition is realized here by placing the slotted waveguide between two transmission lines feeding electrical diodes embedded in the waveguide. The modulation of the index is achieved by creating depletion regions along the waveguide. We use a modulation frequency of 10 GHz. At this modulation frequency, the electrical wave along the transmission line has a large period about 10 mm and a corresponding small wavevector, which is not suitable for achieving the interband transition that we require here. To achieve a larger modulation wavevector, we design the structure in which modulation wavevector is instead encoded in the pn-junction configurations. The cross-section of the waveguides is composed by alternated pn-np and np-pn diodes (caption of Fig. 1b) , where each half (pn or np) is at one side of the slotted waveguide. Two transmission lines, delayed by 90º, feed the diodes, creating an interleaved discretized modulation with wavelength given by the length of a set of two pn-np and two np-pn diodes. We measure the forward and backward transmission spectra by inputting a continuous wave optical signal, applying a 10 GHz modulation and swapping the input and output fibers. Fig. 2 shows the ratio between the forward and backward propagation spectra. When the electrical signal is applied a clear dip appears in the spectrum, indicating nonreciprocity induced by photonic transition, as shown in Fig. 2 . The spectral width of the dip corresponds to the bandwidth of the device and is determined by the wavelength dependence of the difference in k-vector of the even and odd modes. As we continue to increase the power of the applied modulation (i.e. stronger coupling between the even and odd modes), we obtain greater contrast between forward and backward transmission. We measured up to 3 dB isolation when operating at a wavelength of 1558 nm. This isolation is smaller than the one obtained from simulation due to limitations with our electrical signal power supply, which can achieve a maximum 25 dBm output power (or 5.6 Vp applied, which might be smaller due to reflections caused by impedance mismatch). In the left we show the electrical elements (Optical Microscope) and optical elements (Scanning Electron Microscopy) of the electrically-driven optical isolator. In the right we show sequentially the increase of isolation measured as a function of electrical signal input power (red). We observe up to 3 dB isolation with a electrical input of 25 dBm, and smaller values as the input decreases. The blue line is the fitting considering the conversion equations [11] . In the bottom right we show the maximum isolation expected and the bandwidth of conversion for the dispersion extracted from the fitting of the measured data.
